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Orientia tsutsugamushi, the causative agent of scrub typhus, is an obligate intracellular pathogen. Previously,
we reported that the 56-kDa type-specific antigen (TSA56), a major outer membrane protein of O. tsutsuga-
mushi, binds to fibronectin and facilitates bacterial entry into the host cell, potentially via an interaction with
integrins. Here, we demonstrated that O. tsutsugamushi colocalizes with integrin �5�1 and activates integrin
signaling effectors, including focal adhesion kinase, Src kinase, and RhoA GTPase, and also recruits signaling
adaptors, such as talin and paxillin, to the site of infection. Inhibition of protein tyrosine kinases or RhoA
reduced intracellular invasion. We also observed substantial actin reorganization and membrane protrusions
at the sites of infection of nonphagocytic host cells. Finally, we identified a region in the extracellular domain
of TSA56 that binds to fibronectin. A peptide containing this region was able to significantly reduce bacterial
invasion. Taken together, these results clearly indicate that O. tsutsugamushi exploits integrin-mediated sig-
naling and the actin cytoskeleton for invasion of eukaryotic host cells.

Orientia tsutsugamushi, an obligate intracellular organism, is
the causative agent of scrub typhus (26), a disease character-
ized by fever, rash, eschar, pneumonitis, meningitis, and dis-
seminated intravascular coagulation. Scrub typhus can lead to
multiorgan failure if it is left untreated, and the mortality rate
ranges from 1% to 40% depending on the strain of O. tsutsug-
amushi (29). Scrub typhus is confined geographically to south-
eastern Asia and is found in many countries in this region,
including Korea, Japan, China, and India (26). An estimated 1
billion people in this area are at risk for scrub typhus, and there
are an estimated 1 million new cases annually (29). Scrub
typhus can be effectively treated with antibiotics, such as doxy-
cycline and chloramphenicol. However, reinfections are com-
mon because of the wide variety of antigenically distinct sero-
types (11). In addition, decreased efficacy of antibiotic
treatments has been reported in several cases (19, 28). Despite
the increasing numbers of patients and recurrent outbreaks of
scrub typhus in areas where O. tsutsugamushi is endemic (16,
19), an effective vaccine has not been developed yet (3).

Bacterial invasion of host cells is mediated primarily by
interactions between bacterial surface components and com-
plementary host receptors, which stimulate host signal trans-
duction pathways required for bacterial entry. As an obligate
intracellular organism, O. tsutsugamushi must be internalized
in host cells. However, the molecular basis of intracellular
invasion by O. tsutsugamushi is poorly characterized. Previ-
ously, we reported that O. tsutsugamushi uses host fibronectin
interactions with one of its outer membrane proteins, the 56-
kDa type-specific antigen (TSA56), for internalization (14).

Fibronectin can facilitate bacterial entry into host cells, poten-
tially via interactions with integrins. Exploitation of host inte-
grins and subsequent activation of downstream signaling to
mediate intracellular invasion have been well documented for
various human pathogens (6). In addition, activation or mod-
ulation of the host signaling that eventually induces local actin
reorganization plays a pivotal role in the entry of many bacte-
rial pathogens into host cells (23, 25).

In the present study, we demonstrated that O. tsutsugamushi
can activate integrin-mediated signal transduction pathways
that induce local actin rearrangements at the infection site in
nonphagocytic host cells. Focal adhesion kinase (FAK), Src
kinase, and RhoA GTPase are activated by O. tsutsugamushi
invasion, and the signaling adaptors talin and paxillin are re-
cruited to the site of infection. Inhibitors of protein tyrosine
kinases or Rho GTPases significantly reduced bacterial inva-
sion. Finally, we identified a sequence motif in the extracellular
domain of TSA56 that binds to fibronectin. Peptides contain-
ing this sequence motif blocked bacterial invasion of non-
phagocytic host cells. Taken together, these results indicate
that O. tsutsugamushi exploits integrin-mediated signaling and
rearrangements of the actin cytoskeleton for invasion of eu-
karyotic host cells.

MATERIALS AND METHODS

Cell culture. HeLa cells (ATCC CCL-2; American Type Culture Collection,
Manassas, VA), L929 cells (ATCC NCTC929), and FAK�/� (ATCC CRL-2644)
and FAK�/� (ATCC CRL-2645) mouse embryonic fibroblast cell lines were
maintained in Dulbecco modified Eagle medium (DMEM) (Welgene, Daegu,
South Korea) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Welgene), 100 U/ml penicillin, and 100 �g/ml streptomycin (Gibco BRL, Gaith-
ersburg, MD) at 37°C in the presence of 5% CO2. Integrin �5-null normal rat
intestinal epithelial (RIE1) cells and derived recombinant cell lines stably ex-
pressing human integrin �5 (RIE1/�5) or cytoplasmic tailless integrin �5 (RIE1/
�5tl) were kindly provided by J. W. Lee (Seoul National University, Seoul, South
Korea) and were cultured in DMEM containing 5% FBS and 1 mg/ml Geneticin
(Gibco BRL) (22).
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Preparation of O. tsutsugamushi. The Boryong strain of O. tsutsugamushi was
purified using a modification of a Percoll gradient purification method (14). O.
tsutsugamushi was propagated in L929 cells. At 3 to 4 days postinfection, infec-
tivity was determined by an indirect immunofluorescence assay (see below).
When an infection rate of �90% was obtained, cells were harvested by centrif-
ugation at 6,000 � g for 20 min. The cell pellet was resuspended with 6.5 ml of
Tris-sucrose (TS) buffer (33 mM Tris-Cl [pH 7.4] and 0.25 M sucrose). Resus-
pended cells were homogenized with a Polytron homogenizer (Wheaton Inc.,
Millville, NJ) using 100 strokes and were centrifuged at 200 � g for 5 min. The
supernatant was mixed with 40% Percoll (Pharmacia Fine Chemicals, Uppsala,
Sweden) in TS buffer and centrifuged at 25,000 � g for 60 min. The bacterial
band was collected and centrifuged at 77,000 � g for 30 min. O. tsutsugamushi
cells were collected and washed three times with TS buffer. The O. tsutsugamushi
pellet was resuspended in DMEM and stored in liquid nitrogen until it was used.
The infectivity titer of the inoculum used was determined as described elsewhere
(5), with minor modifications. Infected-cell counting units (ICU) were calculated
as follows: [(total number of cells used for infection) � (percentage of infected
cells) � (dilution of the O. tsutsugamushi suspension)]/100 (5). For infection
assays, 2.5 � 106 and 7 � 107 ICU of O. tsutsugamushi were used to infect cells
cultured in 24-well plates and 100-mm dishes, respectively. UV-inactivated O.
tsutsugamushi cells were prepared by exposing bacteria to a 30-W UV lamp for
10 min at a distance of 20 cm with gentle shaking.

Antibodies and reagents. Anti-phosphotyrosine monoclonal antibody (MAb)
4G10 and horseradish peroxidase (HRP)-conjugated 4G10 were purchased from
Upstate (Waltham, MA). Anti-FAK, anti-pY397 FAK, anti-pY576 FAK, and
anti-pY416 Src were purchased from Millipore (Billerica MA). Anti-human
integrin �5, anti-human integrin �5�1, anti-talin, anti-paxillin, and anti-N-ter-
minal fibronectin antibodies were purchased from Chemicon Co. (Temecula,
CA). Anti-human integrin �1 monoclonal antibody was obtained from Serotec
(Raleigh, NC), and anti-RhoA and anti-Cdc42/Rac1 antibodies were obtained
from Assay Designs Inc. (Ann Arbor, MI). The secondary antibodies used for
immunoblotting were HRP-conjugated anti-mouse or anti-rabbit IgG antibodies
(Santa Cruz Biotech Inc., Santa Cruz, CA). Alexa Fluor 488- or Alexa Fluor
594-conjugated anti-human, mouse, and rabbit antibodies used for immunoflu-
orescence assays were purchased from Molecular Probes (Eugene, OR). Alexa
Fluor 594-phalloidin and genistein were obtained from Molecular Probes and
Sigma-Aldrich (St. Louis, MO), respectively. TSA56 peptides (purity, �90%)
(Table 1) were synthesized using a peptide synthesizer (PeptrEX; Peptron Inc.,
Daejeon, South Korea). Peptides were analyzed by mass spectrometry and high-
performance liquid chromatography using C18 column chromatography.

Immunofluorescence microscopy. Immunofluorescence techniques were used
to visualize O. tsutsugamushi (14). Infected monolayers of L929 cells in 24-well
tissue culture plates were collected by trypsin treatment at 1 h postinfection.
Extracellular or surface-bound bacteria were removed by washing the prepara-
tions three times with phosphate-buffered saline (PBS). The infected cells were
then fixed in cold 100% methanol for 15 min at 4°C and stained as described
previously (5). Cells infected with O. tsutsugamushi were incubated with anti-
TSA56 (14), followed by Alexa Fluor 488-conjugated rabbit anti-mouse IgG
(Molecular Probes). Cells were examined with an Olympus FV1000 confocal
laser scanning microscope (Olympus, Tokyo, Japan). Images of cell sections were
captured every 200 nm, and all images were analyzed and processed using the
Olympus Fluoview software (Olympus). The number of internalized bacteria in
100 randomly selected cells was determined, and the results were expressed as
the average � standard deviation number of intracellular bacteria per cell for
three independent experiments.

To assess the association of O. tsutsugamushi with host signaling proteins,
HeLa cells grown on 12-mm-diameter glass coverslips were incubated with O.
tsutsugamushi for 30 min at 4°C and then incubated for 10 min or 30 min at 37°C.
Samples were rinsed with PBS three times, fixed in PBS containing 4% paraform-
aldehyde for 15 min at room temperature, and permeabilized in 0.2% Triton
X-100 for 15 min. Subsequently, some infected cells were incubated with serum
from human patients for 1 h, followed by Alexa Fluor 488-conjugated goat
anti-human IgG. The remainder of the infected cells were incubated with anti-
bodies against various host signaling proteins, as indicated below, and then with
Alexa Fluor 594-conjugated goat anti-mouse IgG or anti-rabbit IgG. Actin was
stained using Alexa Fluor 594-conjugated phalloidin in some experiments.
Stained cells were examined with an Olympus FV1000 confocal laser microscope.
All images were analyzed and processed using the Olympus Fluoview software or
Adobe Photoshop software.

For three-dimensional (3D) image reconstruction, 3D automated scanning
was performed by acquiring x-y images and stepping through the z direction in
200-nm steps. The x-y images acquired were loaded into Image Surfer, a 3D
image reconstruction freeware program for visualization and analysis of 3D
images and data sets (7). The Image Surfer software uses deconvolution tech-
niques to provide volume rendering of image stacks and allows user manipula-
tion of the volume in the x, y, and z dimensions.

Flow cytometry analysis. O. tsutsugamushi infectivity with the RIE1 cell line
and its derivatives was quantified by flow cytometry. Infected cells were collected
by trypsin treatment 24 h postinfection. Surface-bound bacteria were removed by
washing preparations three times with PBS. The cells were fixed, permeabilized,
and incubated in PBS-2% FBS with anti-TSA56, followed by Alexa Fluor 488-
conjugated goat anti-mouse IgG or an isotype control IgG for 30 min on ice.
After several washes, samples (10,000 cells/sample) were assayed using a FAC-
Scan instrument (Becton Dickinson). The mean fluorescence intensities reflected
the infectivities of O. tsutsugamushi from stained samples (12).

Immunoblot analysis. HeLa cells were seeded onto 100-mm tissue culture
plates in DMEM with 10% FBS and incubated overnight at 37°C. The following
day, cells were either not infected or infected with O. tsutsugamushi, incubated at
4°C for 30 min, and then quickly shifted to incubation at 37°C in the presence of
5% CO2 for different times. After collection at each time point, cells were
washed three times with ice-cold PBS and then lysed in 0.5% NP-40 lysis buffer
(0.5% NP-40, 20 mM Tris [pH 7.4], 150 mM NaCl, complete protease inhibitor
cocktail [Sigma-Aldrich], phosphatase inhibitor cocktail [Sigma-Aldrich]). Ly-
sates were centrifuged at 16,000 � g for 15 min to pellet insoluble matter.
Samples were adjusted so that the protein contents were the same and then
boiled in SDS sample buffer. Samples were resolved by SDS-PAGE and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane using a Trans-Blot SD
semidry transfer cell (Bio-Rad, Hercules, CA). Immunoblots were developed
using the Super Signal West Pico chemiluminescent reagent (Pierce Biotechnol-
ogy, Rockford, IL).

Cellular invasion and association assays. Bacterial invasion and cell associa-
tion assays were performed as follows. Cells were cultured on 12-mm-diameter
glass coverslips in 24-well plates and inoculated with O. tsutsugamushi. The plates
were spun at 500 � g for 5 min to synchronize bacterial contact with the host cell
monolayers and then incubated at 37oC for different times. To discriminate
between cell surface-associated bacteria and intracellular bacteria, infected cells
were stained using the differential immunofluorescence method. First, cells were
washed three times with PBS, fixed with 4% paraformaldehyde, and incubated
human patient serum for 1 h, and then Alexa Fluor 488-conjugated goat anti-
human IgG was used to stain the cell surface-associated bacteria. Next, cells were
permeabilized in a 0.2% Triton X-100 solution for 15 min and incubated with an
anti-TSA56 MAb, followed by Alexa Fluor 568-conjugated rabbit anti-mouse
IgG to stain intracellular bacteria. One hundred cells were randomly selected
using an Olympus FV1000 confocal laser microscope and analyzed using the
Fluoview software.

Measurement of RhoA and Cdc42/Rac1 activities. RhoA and Cdc42/Rac1
activities were measured by examining RhoA and Cdc42/Rac1 binding to the
corresponding effector binding domains fused to glutathione S-transferase
(GST) in pull-down assays, using the manufacturer’s protocol (Assay Designs,
Inc.) (31). Briefly, cell lysates were adjusted so that their protein contents were
the same, mixed with 400 �g of rhotekin (for RhoA) or PAK1-PBD (for Cdc42
and Rac1), and incubated for 1 h at 4°C. Samples bound to immobilized gluta-
thione beads were washed three times and eluted using SDS sample buffer. As a
positive control, a cell lysate was mixed with GTP	-S and incubated with the
GTPase effector binding domains. The GTP-bound GTPases associated with
beads were analyzed by immunoblot analysis using anti-RhoA or anti-Cdc42/Rac
antibodies.

To inhibit RhoA activity, HeLa cells were treated with the Clostridium botu-

TABLE 1. Amino acid sequences of synthetic peptides derived
from the C-terminal region of TSA56a

Peptide Amino
acids Sequence

1 232–261 FAIHNHEQWRSLVVGLAALSNANKPSASPV
2 252–281 NANKPSASPVKVLSDKIIQIYSDIKPFADI
3 282–301 AGINVPDTGLPNSASIEQIQ
4 292–321 PNSASIEQIQSKIQELGDTLEELRDSFDGY
5 312–341 EELRDSFDGYINNAFVNQIHLNFVMPPQAQ
6 334–363 FVMPPQAQQQQGQGQQQQAQATAQEAVAAA
7 353–382 QATAQEAVAAAAVRLLNGSDQIAQLYKDLV
8 373–402 QIAQLYKDLVKLQRHAGIRKAMEKLAAQQE
9 393–422 AMEKLAAQQEEDAKNQGKGDCKQQQGASEK
10 413–442 CKQQQGASEKSKEGKVKETEFDLSMVVGQV

a See Fig. 5A.
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linum C3 exoenzyme (2 �g/ml; Sigma-Aldrich) for 18 h in the presence of
Lipofectamine 2000 (Invitrogen) as described previously (1) and were subse-
quently infected with O. tsutsugamushi. The bacterial infectivity was assessed at
4 h postinfection by confocal microscopy.

Scanning electron microscopy. For scanning electron microscopy, HeLa cells
grown on glass coverslips were infected with O. tsutsugamushi for 10 min, washed,
and fixed for 20 min with 4% paraformaldehyde in PBS; this was followed by
fixation in 2.5% glutaraldehyde in PBS for an additional 72 h at 4°C and then
fixation in 1% osmium tetroxide for 1 h. Samples were serially dehydrated with
increasing concentrations of ethanol, critical point dried with hexamethyldisi-
lazane, and covered with a gold film by sputter coating for 120 s. The samples
were examined using a scanning electron microscope (Hitachi S4700; Hitachi,
Japan) at an accelerating voltage of 15 kV.

Peptide fibronectin-binding assay and inhibition assay. Type-specific antigen
(TSA) peptides were examined for fibronectin-binding activity by performing an
enzyme-linked immunosorbent assay (ELISA) as described previously (13).
Briefly, the wells in a 96-well plate were coated overnight with 1.0 �g of peptide
(20- or 30-mers). Wells coated with bovine serum albumin (BSA) were used as
a negative control. The wells were blocked with 1% BSA for 1 h at 25°C and
washed with PBS containing 0.1% (wt/vol) BSA and 0.01% (vol/vol) Tween 20.
Fibronectin (1.0 �g; Sigma-Aldrich) was diluted in incubation buffer (PBS con-
taining 0.02% [wt/vol] BSA), added to each well, and incubated for 3 h.
Subsequently, wells were washed three times and incubated with a mouse
anti-fibronectin antibody. The bound antibody was detected using an anti-mouse
IgG-HRP antibody, which was followed by addition of a 3,3
,5,5
-tetramethyl-
benzidine (TMB) substrate solution (Endogen, Woburn, MA). Binding was
quantified by colorimetric detection at 492 nm.

In order to assess the inhibitory effect of TSA peptides on O. tsutsugamushi
infection, HeLa cells were treated with 50 nM TSA56 peptide or with DMEM
alone as a negative control. O. tsutsugamushi was added to the HeLa cells and
incubated for 3 h. The infected cells were collected by using trypsin treatment,
washed three times with PBS to remove surface-bound bacteria, replated on
12-mm coverslips in 24-well plates, and incubated for an additional 24 h. The
bacteria replicating in host cells were visualized using an immunofluorescence
assay, and the number of bacteria per cell was determined by examining 100
randomly selected cells.

Statistical analyses. Statistical analyses were performed using the Student t
test with SigmaPlot (Jandel, San Rafael, CA). The data are presented below as
means � standard deviations, and a P value of �0.01 was considered statistically
significant.

RESULTS

Colocalization of O. tsutsugamushi with integrin �5�1. Since
our previous results suggested that there is a potential inter-
action between O. tsutsugamushi and the host integrin �5�1
through formation of a TSA56-fibronectin complex, we first
examined whether O. tsutsugamushi can interact with integrin
�5�1. HeLa cells were observed using confocal microscopy 10
min after infection with O. tsutsugamushi. The infected cells
were stained using primary antibodies specific for the individ-
ual �5 and �1 subunits or for the �5�1 heterodimeric com-
plexes. Analysis of single cross sections from confocal z stacks
revealed that the �5 and �1 subunits, as well as �5�1 het-
erodimers, colocalized with cell-associated O. tsutsugamushi
(Fig. 1A). In order to confirm that the interaction of O. tsut-
sugamushi with the integrins affects bacterial infectivity, we
used rat intestinal epithelial cells (RIE1) ectopically overex-
pressing wild-type or mutant human integrin �5 (RIE1/�5 and
RIE1/�5tl, respectively) (22). The RIE1/�5tl cells express a
mutant integrin �5 which lacks the C-terminal 27 amino acids
of the cytoplasmic tail and is thus defective in signaling in
response to fibronectin binding (15, 22). The surface expres-
sion of integrin �5 in the recombinant RIE1 cells was con-
firmed by fluorescence-activated cell sorting (FACS) analysis
(data not shown), as shown previously (15). We measured
bacterial infectivity using FACS analysis with these cell lines

and found that O. tsutsugamushi infected RIE1/�5 cells more
efficiently than it infected either RIE1 cells or RIE1/�5tl cells
(Fig. 1B). The mean fluorescence intensity (MFI), which rep-
resented the level of bacterial internalization, was approxi-
mately 50% higher for cells overexpressing integrin �5 (RIE1/
�5; mean � standard deviation MFI, 85.94 � 9.28) than for
control RIE1 cells (54.60 � 6.91) or RIE1/�5tl cells (56.91 �
5.41).

Focal adhesion kinase (FAK) plays a crucial role in integrin-
mediated signaling (6, 20). To determine whether FAK also
plays a role in O. tsutsugamushi entry, we examined bacterial
invasion using mouse embryonic fibroblasts (MEFs) derived
from either FAK knockout mice or their wild-type littermates.
The mean number of bacteria internalized by FAK�/� cells
(4.25 bacteria/cell) was 81% less than the mean number of
bacteria internalized by FAK�/� cells (21.90 bacteria/cell)
(Fig. 1C), whereas there was no significant difference in ad-
herence of the bacteria to the cell surface between the cell lines
(data not shown). These results clearly indicate that O. tsut-
sugamushi exploits integrin molecules for invasion of eukary-
otic host cells, potentially through activation of integrin �5�1
signal transduction pathways.

Activation of integrin signaling and recruitment of focal
adhesion proteins by O. tsutsugamushi. Engagement of integrin
molecules induces activation of nonreceptor tyrosine kinases,
such as FAK or Src family tyrosine kinases, and results in focal
adhesion formation (6). Therefore, we examined protein ty-
rosine phosphorylation in host cells after infection with O.
tsutsugamushi. HeLa cells were infected with O. tsutsugamushi,
and changes in the phosphorylation state of host proteins after
different times were monitored by immunoblotting with an
anti-phosphotyrosine antibody (Fig. 2A, upper panel). O. tsut-
sugamushi induced tyrosine phosphorylation of several host
proteins, particularly several proteins in the 120- to 130-kDa
range, with a peak of phosphorylation at 10 to 30 min postin-
fection. FAK (125 kDa) plays a key role in integrin-mediated
signaling (6) and is implicated in entry of O. tsutsugamushi
(Fig. 1C), as well as other intracellular pathogens (17, 25), into
nonphagocytic cells. Therefore, activation of FAK was mea-
sured using FAK antibodies specific for tyrosine-phosphory-
lated FAK to test whether FAK is activated upon infection of
cells by O. tsutsugamushi. We used two anti-phospho-FAK
antibodies, which recognize FAK autophosphorylation
(pY397) and maximal FAK catalytic activation (pY576) by
Src-mediated phosphorylation during integrin-mediated sig-
naling (20). Infection of HeLa cells with O. tsutsugamushi in-
duced tyrosine phosphorylation of FAK with a peak at 30 min
postinfection (Fig. 2A). In addition, phosphorylation of Src
tyrosine kinase (pY416) also gradually increased up to 60 min
postinfection. The antibody against pY416 Src often detected
double bands representing the active form of Src kinase (32).
These results indicate that tyrosine phosphorylation of host
proteins, including FAK and Src, is induced during the early
stages of O. tsutsugamushi entry.

Next, we used confocal microscopy to localize endogenous
focal adhesion components in HeLa cells infected with O.
tsutsugamushi. As shown in Fig. 2B, some of the cell-associated
bacteria colocalized with endogenous phospho-FAK (pY397).
Talin and paxillin, which are signaling adaptors in focal adhe-
sion, were also strongly concentrated at sites of bacterial entry.
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Since not all of the cell-associated O. tsutsugamushi colocalized
with phospho-FAK, we examined whether viability of the bac-
teria is required for recruitment and activation of FAK using
UV-inactivated bacteria. Although inactivation of O. tsutsuga-
mushi had no effect on bacterial adherence, none of the UV-
inactivated bacteria were able to recruit phospho-FAK up to
60 min after inoculation. In addition, the levels of FAK phos-
phorylation did not increase significantly in cells infected with
the inactivated bacteria (data not shown). Taken together,
these results clearly indicate that recruitment and activation of
FAK occur during infection by O. tsutsugamushi and that focal
adhesion formation is induced at the invasion site.

The involvement of protein tyrosine phosphorylation in O.
tsutsugamushi invasion of cells was further investigated using
genistein, a potent broad-spectrum tyrosine kinase inhibitor.
Preincubation of HeLa cells with genistein inhibited O. tsut-
sugamushi invasion in a concentration-dependent manner, but
it had no effect on cell surface adherence of the bacteria. These

results indicate that tyrosine kinase activity is required for
invasion (Fig. 2C).

Activation of the small GTPase RhoA, but not Cdc42 or
Rac1, by O. tsutsugamushi. Formation of focal adhesions at the
site of bacterial entry in host cells is crucial for the uptake of
several pathogenic bacteria and has been linked to the activa-
tion of small GTPases (25). Here we examined whether O.
tsutsugamushi can activate small GTPases. Activation of en-
dogenous RhoA, Cdc42, and Rac1 during O. tsutsugamushi
infection was examined using pull-down assays. HeLa cells
infected for different times were lysed and activated. GTPases
were recovered based on their binding to a GST fusion protein
containing the RhoA-binding domain of rhotekin or the Rac/
Cdc42-binding domain of the serine/threonine kinase PAK1.
Precipitated GTP-bound forms were subsequently detected by
immunoblotting. A time-dependent increase in the level of
activated RhoA was observed after O. tsutsugamushi infection
compared to uninfected controls. The peak levels of activated

FIG. 1. Colocalization of O. tsutsugamushi with cellular integrin �5�1 and involvement of integrin signaling in bacterial entry. (A) Immuno-
fluorescence confocal microscopy of infected HeLa cells showed that O. tsutsugamushi (green) colocalizes with integrin �5 and �1 subunits, as well
as the integrin �5�1 heterodimeric complexes (red), at 10 min postinfection. The boxes indicate the regions of the merged images that are shown
at a higher magnification on the right. OT, Orientia tsutsugamushi; DIC, differential interference contrast. Bars, 5 �m. (B) Bacterial infectivity as
measured by flow cytometry for control RIE1 cells (dotted line) and recombinant cells overexpressing human integrin �5 (RIE1/�5 cells) (solid
line) or mutant integrin �5 lacking the cytoplasmic tail (RIE1/�5tl cells) (dashed line). Intracellular bacteria were stained with anti-TSA56 antibody
and Alexa Fluor 488-conjugated secondary antibody. The mean fluorescence intensity (MFI) and standard deviation for each group are described
in the text. The gray histogram indicates the results for the isotype control. (C) Effect of FAK on bacterial infectivity. Cellular invasion by O.
tsutsugamushi was evaluated using wild-type (FAK�/�) or FAK-null (FAK�/�) embryonic fibroblasts by counting the internalized bacteria using
confocal microscopy. The average number of internalized bacteria per cell was determined using 100 randomly selected cells. The bars and error
bars indicate the means and standard deviations of triplicate experiments. *, P � 0.01.
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RhoA were detected at 30 min postinfection (Fig. 3A). In
contrast, Cdc42 and Rac1 were not activated during O. tsut-
sugamushi infection; rather, the levels of active Cdc42 and
Rac1 decreased during the early phase of infection.

To further investigate whether activation of RhoA is neces-
sary for intracellular invasion by O. tsutsugamushi, HeLa cells
were treated with the C. botulinum C3 exoenzyme, an inhibitor
of the Rho family GTPases (24). C3-catalyzed ribosylation and
inactivation of RhoA are at least 100- to 400-fold more effi-
cient than inactivation of Cdc42 or Rac1 (24). Since the C3
exoenzyme lacks a membrane-binding and/or transfer compo-
nent and thus is not cell permeant, Lipofectamine was used in
concert with the C3 exoenzyme to permit toxin entry into the
host cells (1). Treatment of HeLa cells with the C3 exoenzyme
in the presence of Lipofectamine significantly reduced the ef-
ficiency of bacterial internalization by approximately 70%
compared to untreated control cells and by 65% compared to
cells treated with only Lipofectamine, but it had no significant
effect on bacterial adherence (Fig. 3B). Inhibition of O. tsut-

sugamushi invasion by the C3 exoenzyme indicates that a mem-
ber of the Rho GTPase family has a specific role in bacterial
internalization.

Actin cytoskeletal and membrane rearrangements at the site
of O. tsutsugamushi invasion. Activation of integrin signaling
and subsequent activation of FAK and Rho GTPases induce
rearrangements of the actin cytoskeleton, which may be nec-
essary for bacterial entry into nonphagocytic host cells. The
effect of bacterial adherence on the host cell cytoskeleton was
visualized using HeLa cells infected with O. tsutsugamushi for
different times. As shown in Fig. 4A, some of the adherent
bacteria induced actin cytoskeleton rearrangements by 10 min
postinfection, suggesting that recruitment of actin is involved
in bacterial uptake. The actin rearrangements appeared to be
specific to the invading bacteria. When we reconstructed the
confocal images using a 3D format, the bacteria that induced
actin rearrangements were completely internalized by 30 min
postinfection (Fig. 4A, right panel).

Since it appeared that O. tsutsugamushi could induce the

FIG. 2. Activation of integrin signaling by O. tsutsugamushi infection. (A) Tyrosine phosphorylation was examined using anti-phosphotyrosine
antibody 4G10 and HeLa cells infected for the times indicated (upper panel). Activation of FAK or Src was detected using phospho-specific
antibodies (FAK pY397, FAK pY576, and Src pY416). CNT, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (B) Immunofluo-
rescence confocal microscopy revealed that O. tsutsugamushi colocalizes with active FAK (FAK pY397), talin, and paxillin by 10 min postinfection.
Colocalization was not caused by antibody cross-reactivity as not all adherent bacteria recruited phospho-FAK. OT, O. tsutsugamushi. (C) The
number of internalized bacteria or adherent bacteria per cell was counted for a random selection of 70 infected cells pretreated with the indicated
concentrations of genistein, a protein tyrosine kinase inhibitor. The bars and error bars indicate the means and standard deviations of triplicate
experiments. P values were determined by comparing untreated samples and treated samples using a two-tailed Student t test (*, P � 0.01).
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formation of membrane protrusions around bacteria, as shown
by 3D images obtained at 10 min postinfection, we examined
infected HeLa cells by using scanning electron microscopy.
Many of the cell-associated O. tsutsugamushi bacteria ap-
peared to be entangled in microvilli, which are present in great
abundance on the surface of cells, suggesting that the mem-
brane rearrangements have a role in bacterial internalization
(Fig. 4B).

Inhibition of O. tsutsugamushi invasion by a fibronectin-
binding fragment of TSA56. Previously, we found that the
C-terminal region (amino acids 243 to 349) of TSA56 binds
fibronectin and reduces the intracellular invasion of O. tsutsug-
amushi, potentially by competitive inhibition of the bacterial
interaction with fibronectin (14). To further characterize the
fibronectin-binding domain of TSA56 and examine its inhibi-
tory effects on bacterial invasion, overlapping peptides corre-
sponding to the C-terminal region of TSA56 (20- or 30-mers
with a 10-amino-acid overlap) were synthesized (Fig. 5A). The
amino acid sequence of each peptide is shown in Table 1.
Maximum fibronectin-binding activity was exhibited by TSA56
peptides extending from amino acid 312 to amino acid 341

(peptide 5) and from amino acid 292 to amino acid 321 (pep-
tide 4) as determined by ELISA (Fig. 5B, red circles and error
bars). An additional experiment was performed to determine
whether the TSA56 peptides were capable of reducing O. tsut-
sugamushi invasion of HeLa cells. Even though several pep-
tides statistically significantly reduced bacterial internalization,
peptide 5, which exhibited the maximum fibronectin-binding
capacity, was the most efficient peptide for blocking bacterial
invasion (Fig. 5B, bar graph, and 5C). Collectively, amino acid
residues 312 to 341 of TSA56 may mediate the interaction with
fibronectin, which facilitates intracellular invasion by O. tsut-
sugamushi (14), and the corresponding peptide is sufficient to
reduce bacterial entry into host cells, potentially by blocking
the TSA56-fibronectin interaction. These results suggest that
competitive inhibition of bacterium-fibronectin binding may
eventually abrogate the integrin-mediated signaling that is re-
quired for bacterial invasion.

DISCUSSION

Establishment of a successful infection and intracellular
growth of O. tsutsugamushi require efficient intracellular inva-
sion of host cells. However, the signal transduction events
leading to intracellular invasion by O. tsutsugamushi have not
been clearly delineated. Our current results are the first results
that clearly demonstrate that O. tsutsugamushi exploits host
integrin signaling pathways to mediate rearrangements of the
actin cytoskeleton for entry into nonphagocytic host cells. En-
gagement of integrin �5�1 molecules on the host cell surface,
which is crucial for bacterial entry, plays a role in the early
steps of the invasion process by activating protein tyrosine
kinases, such as FAK and Src. Subsequent activation of RhoA
and local rearrangement of the actin cytoskeleton at the site of
infection may promote bacterial uptake. Based on our previous
results (14), the interaction of TSA56, a major outer mem-
brane protein of O. tsutsugamushi, with fibronectin may medi-
ate engagement of integrin receptors. The inhibition of bacte-
rial invasion by a C-terminal peptide from TSA56 supports the
hypothesis that formation of a TSA56-fibronectin complex may
be involved in the activation of integrin signaling (Fig. 5).
Further investigation of whether the TSA56-fibronectin com-
plex can directly induce focal adhesion formation at the site of
bacterial entry is needed.

Exploitation of integrin signaling is a common strategy used
by invasive pathogens, such as Yersinia (9), Staphylococcus au-
reus (10), Streptococcus pyogenes (21), and Neisseria (27), to
mediate their uptake by nonphagocytic host cells (25). A Yer-
sinia pseudotuberculosis invasion protein (9) and the Strepto-
coccus antigen I/II, SspA, and SspB proteins (21) promote
bacterial entry by direct binding to host integrins, whereas the
fibronectin-binding proteins (FnBPs) of S. aureus (10) and the
Opc protein of Neisseria meningitidis (27) enable these patho-
gens to bind fibronectin and thereby mediate interactions with
integrins to trigger internalization into host cells. O. tsutsuga-
mushi appears to use the latter strategy to interact with host
integrins, as described previously (14). After integrin engage-
ment, signaling molecules at the inner surface of the plasma
membrane that act as integrators of responses to extracellular
stimuli are activated. FAK is one such effector and links the
stimuli to the actin cytoskeleton (25). FAK colocalizes with

FIG. 3. Activation of RhoA GTPase by O. tsutsugamushi infection.
(A) Activation of small GTPases was examined by performing GST
pull-down assays using rhotekin (for RhoA) or PAK1-PBD (for Cdc42
and Rac1) fusion proteins as described in Materials and Methods.
RhoA was activated upon bacterial infection, but Cdc42/Rac1 was not
activated. The GTPase active forms bound to GTP	-S were used as
positive controls. CNT, control. (B) Inhibition of intracellular invasion
of O. tsutsugamushi by C. botulinum C3 exoenzyme, an inhibitor of
RhoA family GTPases. HeLa cells were treated with the exoenzyme in
the presence of Lipofectamine (C3/Lipo) or in the presence of only
Lipofectamine (Lipo). P values were determined using a two-tailed
Student t test (*, P � 0.01).
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integrins at focal adhesion points and, upon activation, associ-
ates with Src tyrosine kinases, which then promote tyrosine
phosphorylation of various substrates, resulting in extensive
cytoskeletal reorganization. Therefore, it is not surprising that
various microbial pathogens exploit integrin-induced cytoskel-
etal reorganization to achieve actin-driven uptake (25). O.
tsutsugamushi activated and recruited FAK to the infection site
(Fig. 2), and internalization of this pathogen was severely im-
paired in FAK-null fibroblasts (Fig. 1C) or by treatment of
cells with a tyrosine kinase inhibitor (Fig. 2C). Furthermore,
extensive actin reorganization and membrane ruffling in the
region surrounding the invading O. tsutsugamushi cells were
induced within 10 min after infection (Fig. 4). Bacteria that
were able to induce reorganization of the actin cytoskeleton
were internalized efficiently, as shown by confocal microscopy.

In the context of integrin-dependent uptake, signaling to the
actin cytoskeleton involves either RhoA or Rac1 (and some-
times Cdc42) activity (6). Here, we found that O. tsutsugamushi
activated the RhoA GTPase but not Cdc42/Rac1 (Fig. 3A) and
that an inhibitor of RhoA, the C. botulinum C3 exoenzyme,
reduced bacterial entry into host cells (Fig. 3B). Although the
mechanism by which integrin signaling is linked to the activa-
tion of RhoA is currently unknown, it is interesting that dif-
ferent isotypes of integrin �-chains are involved in the activa-
tion of specific small GTPases (8, 30). Despite the O.
tsutsugamushi colocalization with integrin �1 observed by con-

focal microscopy (Fig. 1A), determination of the precise mech-
anism by which O. tsutsugamushi preferentially activates the
RhoA GTPase downstream of integrin ligation is a fascinating
challenge for future studies. Recently, it has been reported that
multiple membrane proteins of Rickettsia conorii, a close rel-
ative of Orientia, are involved in bacterial adherence to, and
invasion of, mammalian cells (2, 18). These observations sug-
gest that multiple “surface cell antigen” (sca) genes may work
in concert to interact with target host cells. At least 17 pre-
dicted sca genes have been identified in the genomes of Rick-
ettsia sp. strains so far (2). Previously, we reported that 6 sca
genes were found in the genome of O. tsutsugamushi (4).
Therefore, membrane proteins other than TSA56 may interact
with other receptor-ligand pairs to trigger the observed down-
stream signaling events, involving recruitment of host endo-
cytic machinery components and specific activation of them,
that ultimately lead to the extensive actin reorganization re-
quired for pathogen entry.

Finally, we searched for specific amino acid motifs in TSA56
that mediate the interaction with fibronectin, which could pro-
vide a mechanism for bacteria to bind host integrins for inva-
sion. Previously, we showed that antigenic domain III (AD III)
and the adjacent C-terminal region of TSA56 form the putative
fibronectin-binding domain (Fig. 5A) and that this peptide
fragment could inhibit bacterial invasion. However, we were
unable to detect any conserved repeat motifs or sequences that

FIG. 4. Induction of local actin reorganization and membrane protrusion at the site of O. tsutsugamushi infection. (A) HeLa cells infected with
O. tsutsugamushi for 10 min or 30 min were stained with Alexa Fluor 594-conjugated phalloidin to detect actin filaments (red). Some of the
cell-associated bacteria (arrowheads) induced local rearrangements of the actin cytoskeleton surrounding O. tsutsugamushi (green). Bars, 10 �m.
(B) Scanning electron microscopy examination of the surface interaction of O. tsutsugamushi with HeLa cells. HeLa cells on glass coverslips were
infected for 10 min and processed for scanning electron microscopy. The arrowheads indicate membrane protrusions surrounding the cell-
associated bacteria.
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have been reported for other fibronectin-binding domains
(14). Here, we found that a peptide corresponding to amino
acids 312 to 341 of TSA56 interacted with fibronectin and
blocked bacterial invasion when it was added to the infection
medium (Fig. 5). These results further support the hypothesis
that interference with the O. tsutsugamushi fibronectin-medi-
ated interaction with host cell integrins could severely impair
bacterial entry into host cells. Since the sequence motif of
TSA56 is highly conserved across O. tsutsugamushi strains
(data not shown), this motif could be an attractive target for
the development of vaccines and therapeutics for treatment of
scrub typhus.
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